Animals inhabiting non-tropical environments undergo seasonal changes in reproduction in order to improve their survival and chances of successful reproduction. For example, during certain periods of the year, food shortages and temperature extremes can make survival difficult. Adaptive physiological, behavioral and morphological changes are made to maintain a positive energy balance throughout the year and to ensure that offspring are born during a period when their chances of survival are maximized. Neogastropods display an annual rhythm in the seasonal re-growth of their reproductive tract and secondary sex organs. Although environmental cues likely stimulate neuro-endocrine cascades that orchestrate male and female sex organ differentiation as well as oogenesis, spermatogensis and copulatory behaviour, little is known about the specific seasonal cues or the underlying physiological timekeeping mechanisms responsible for these seasonal changes. Several environmental cues have been identified that initiate or modify reproductive processes in invertebrates.
Seasonal adaptations are often the result of changes in day length (photoperiod). As photoperiod is an accurate predictor of changing seasons, many species have evolved the ability to use changes in photoperiod to predict upcoming environmental change. One mediator of photoperiod information, 5-methoxyindole melatonin, has been identified in many vertebrate species as well as in a number of invertebrates (Wayne, 2001; Gorbet & Steel, 2003) . The duration of the melatonin signal provides information about day length. The nightly elevation of melatonin varies with the length of night, the long nights (short days) of winter resulting in a relatively long duration of melatonin release. It is this duration that allows animals to decipher the seasons. In molluscs, melatonin has been identified in the ocular tentacles, visceral ganglion, brain, eyes and the cerebral ganglia (Wayne, 2001; Blanc et al., 2003) . In most invertebrates studied to date, melatonin is elevated during the night, thus potentially playing a role in daily and annual rhythms. In addition, another 5-methoxyindole, 5-methoxytryptophol (5-ML), has also been shown to oscillate in a number of vertebrate species as well as gastropods (Blanc et al., 2003) . At present, it is unclear what role 5-ML may play in daily circadian or seasonal rhythms.
In addition to photoperiod, several other factors have been implicated in the seasonal regulation of reproductive differentiation and breeding. Water temperature is the predominant environmental cue triggering the onset of breeding in some species of molluscs, whereas the seasonal availability of food has been shown to influence sex differentiation and breeding in other species (review by Wayne, 2001 ). While various environmental cues have been investigated as triggers for either reproductive differentiation or breeding in molluscs, few studies have examined the potential for an underlying seasonal timer. In this paper, we investigate whether the seasonal onset of regression in mud snails is controlled by two environmental cues, photoperiod or temperature.
Mud snails (Ilyanassa obsoleta ) were collected from a field population on Oak Island, North Carolina, USA, in January 2006. Imposex females have never been detected in this field population. Snails were rinsed with seawater to remove mud and sand, and transported to the laboratory in seawater from the sample location. Once in the laboratory, snails were held in 8-l glass aquaria containing 1 l of reconstituted seawater (35 + 1 ppt) (Instant Ocean; Aquarium Systems, Mentor, OH). Solutions were changed every other day. Seasonal control (SC) snails were held in photoperiods and water temperatures that changed commensurate with the field site according to the meteorological websites http://www.weather.com (Oak Island, NC) and http://storms.nos.noaa.gov (Wilmington, NC), respectively. Peak water temperature for this population generally occurs approximately 1.5 months after the summer solstice, while water temperatures are lowest approximately 1.5 months after the winter solstice (Sternberg et al., 2007) . Phasedelayed (PD) snails were held for 4.5 months at a constant photoperiod and temperature consistent with that of early February at the field site. After 4.5 months, snails were released from these conditions and maintained in seasonally progressing conditions that mimicked the sample site conditions but with a 4.5 month delay.
Starting in February 2006, a sub-sample of the snails from each treatment was collected monthly, except as noted, for evaluation of reproductive status. The November collection was omitted due to the small number of snails that remained in the experiment. The reproductive status of each snail was evaluated as follows: snails were killed; the shell of each snail was removed; and sex and overt morphological reproductive status was determined. Reproductive differentiation was assessed using a subjective scoring system based on criteria developed by Sternberg et al. (2007) . For all tissues examined, a score of one was assigned to an undifferentiated tissue. For the penis, snails were scored on a scale of 1 -9 with 9 representing a fully differentiated penis; seminal vesicle scores ranged from 1 to 4.5 with 4.5 being a large and fully differentiated seminal vesicle with sperm present; testis scores ranged from 1 to 6 with 6 representing a fully differentiated organ of red colour; ovary scores ranged from 1 to 4 with 4 being a large and cream coloured ovary; and albumen/capsule gland scores ranged from 1 to 7 with 7 representing a large and differentiated albumen/capsule gland. Four reproductive categories were used: full reproductive potential (reproductive organs fully expressed), undergoing regression (reproductive organs regressing), senescent (only vestigial reproductive organs remain), or undergoing recrudescence (reproductive organs re-growing).
Penis length was analysed using analysis of variance followed by paired comparisons using Fisher's least significant difference tests, if warranted (i.e. when permitted by overall significance). Data for differentiation of the penis, seminal vesicle, testis, ovary and albumen/capsule gland data were analysed by Kruskal -Wallis test for an overall statistic and by MannWhitney U-test for pair-wise comparisons, if warranted. The significance level for all statistical tests was set at P ¼ 0.05. Snails maintained in photoperiod and temperature conditions that mimicked those at the sample site displayed full reproductive status from February until approximately April/May when their reproductive tissues began regressing (Fig. 1) . Regression continued until approximately July at which time most snails in this group were dormant and remained so until approximately August when they began recrudescence, approximately 4 -5 months after beginning regression. Wild-captured snails typically show a sex difference in the timing of recrudescence -males undergo recrudescence in August with females initiating recrudescence in November (Sternberg et al., 2008) . However, seasonal snails maintained in this study did not display differences in timing of recrudescence between males and females. This difference between field and laboratory populations has been observed previously in our laboratory and appears to be an artefact of laboratory conditions. PD snails held in winter (February) conditions maintained their full reproductive status throughout the 4.5 months until they were 'released' from the winter conditions (Fig. 1) . Both males and females maintained in these PD conditions showed regression approximately 1 -2 months later, with dormancy observed 3-4 months after the 'release'. Finally, reproductive recrudescence was observed approximately 4-5 months after the snails experienced the March/April photoperiod and temperatures.
Environmental signals, photoperiod and/or temperature, appear to cue mud snails to undergo reproductive regression in the spring. If snails are housed in constant winter-like conditions, such as the PD experimental group, regression does not occur. This implies that either photoperiod or temperature, or a combination of both, drives mud snails to initiate regression. Further, when snails are 'released' from this phase lock, they display normal, though phase-shifted, progression through regression, reproductive dormancy and eventual recrudescence.
These data provide the initial step toward characterizing the seasonal reproductive rhythm in mud snails. Such a rhythm would, hypothetically, be set in the spring with the onset of reproductive regression and, through an endogenous timekeeping mechanism, coordinate subsequent reproductive transitions. Endogenous circa-annual rhythms have been described in other invertebrates including the terrestrial pulmonate snails Helix pomatia and H. aspersa (Jeppesen & Nygard, 1976; Bailey, 1981) , the marine annelid Nereis virens (Last & Olive, 2004) and carpet beetles Anthrenus verbasci (Miyazaki et al., 2005) . However, to our knowledge, endogenous time-keeping has not been investigated in neogastropods, or more specifically in mud snails. Observations in our laboratory suggest that a reproductive rhythm may be set with the triggering of regression during the spring and mediate the subsequent reproductive changes for the rest of the year, similar to the spontaneous recrudescence model described for many vertebrate species (Prendergast, 2005) . Further study is required to determine if the onset of recrudescence is spontaneous (i.e. at a predetermined time interval after regression) or under independent environmental control. Preliminary evidence from our laboratory suggests that maintaining snails in summer-like photoperiod and temperature (when they are reproductively dormant) may delay the onset of recrudescence in the autumn, although it does not prevent recrudescence (data not shown).
